Abstract: Chemical vapor deposition (CVD) processes have a large throwing power and can operate at atmospheric pressure. Therefore, they are economical for many applications. Hightemperature CVD processes give a good control of the crystal structure (e.g., epitaxial layers or other special layer structures) and support diffusion processes. The are used, for example, for the following deposition processes: 1) perovskites, 2) yttrium-stabilized ZrO 2 layers as ion conductors or heat barrier coatings, 3) aluminide diffusion coatings in long tubes for corrosion protection, and 4) BN on fibers for fiber-reinforced materials. The special properties of the perovskite CVD are discussed in more detail. These processes are described for smalland large-scale applications. The CVD process is simulated by the computer code Fluent.
INTRODUCTION
Depending on deposition conditions, a large spectrum of material structures (amorphous, polycrystalline, textured, epitaxial) can be obtained in nonequilibrium or near-equilibrium state. The last kind of coatings must be very often deposited at high temperatures in order to guarantee sufficient mobility of the atoms to come near to the equilibrium state. Examples of such coatings are yttrium-stabilized ZrO 2 (YSZ) and perovskite coatings [1] . Another reason for the necessity to use high-temperature chemical vapor deposition (HTCVD) processes is given, if the layer formation is connected with diffusion processes into the basic material. One example is thermochemical coatings (e.g., aluminizing of Ni-based alloys) [2] . Often, the kinetics of the process is only fast enough at a high temperature (e.g., BN coatings ) [3] . This article will concentrate on the perovskite deposition. Among them Also, structurally related to perovskites are high-temperature superconductors RBa 2 Cu 3 O x (R = rare earth).
A number of important device applications are related to the properties mentioned. These devices are prepared in the form of mutilayered epitaxial heterostructures combining different structurally com-*Lecture presented at the 10 th International Conference on High Temperature Materials Chemistry (HTMC-X), Jülich, Germany, 10-14 April 2000. Other presentations are published in this issue, pp. 2101-2186. † Corresponding author: E-mail: g.wahl@tu-bs.de ‡ E-mail kaul@inorg.chem.msu.ru patible materials with different specific properties. Insulating barriers, protective coatings, Josephson effect devices, spin-polarized quasiparticle injection devices, interconnection and passive low-resistance components, and tunable filters can thus be realized. All of these applications are small-scale devices. Otherwise, the superconductors for superconducting cables demand deposited layers in a large scale (e.g., for cables).
CVD process development for perovskites has two interesting directions:
• methods to produce multilayer structures (e.g., by injection pulsed CVD [4] ) and • development of large-scale continuous deposition equipments (e.g., tape deposition [5] ).
The interest in CVD of perovskites began with the discovery of the high T c superconductors and the first deposition of this material by CVD [6] . In between, a large number of articles and review papers appeared about this area [7] [8] [9] .
The description of the CVD of these materials is also interesting from a more general point of view: deposition of materials containing alkaline and alkaline earth elements needs a special precursor design because of the low volatility of the most of their compounds. On the other hand, the multicomponent materials containing up to five different cations are a challenge to the large-scale processes necessary for many applications. Mainly chelate compounds and in particular β-diketonates are used for the deposition of perovskites. We need first to discuss the peculiarities of CVD with chelate compounds.
PRECURSORS
As precursors for CVD processes, normally halogenides, hydrides, and alcoholates are used [10] . These precursors, however, are not suitable for rare-earth elements and for the elements of the I. and II. groups of the periodic system, which are necessary components of most perovskites, as well as the high T c superconductors. These elements are very electropositive, and, therefore, they have the tendency to form strong ionic bonds. Consequently, compounds with these elements often have low vapor pressures. To obtain molecules with a high vapor pressure it is necessary to shield the Coulomb interaction of the metal in the compound. Since the work of Yamane [6] , chelate compounds are the main candidates for such compounds. The chelates are formed by the β diketones, which exist in two tautomeres, the diketone and the keto-enol form:
keto-enol R and R' are organic radicals. The vapor pressure and the evaporation rate of these compounds are complex functions of the radius of the metal ion, the ionicity of the metal-oxygen bonds, the size of the ligands, and the nature of the organic radicals (e.g., introduction of F instead of H increases volatily drastically) with all the factors controlling the tendency to form less volatile associates [11] . Normally, thd compounds (2,2,6,6 tetramethyl hepta 3,5 dionate) with bulky organic radicals are used. Nevertheless, Ba(thd) 2 has a strong tendency to form associates because of the large ionic radius and the large coordination number of c = 8. The result of the association is the strong dependence of the composition and volatility on the method of synthesis. In the case of not waterfree method oligomeric water or hydroxyl containing compounds are formed: e.g., Ba 5 (thd) 9 H 2 O) 3 (OH), Ba 5 (thd) 9 ClH 2 O) 7 [12, 13] , Ba 6 (tmhd) 12 (H 2 O), [14] , and Ba 2 (thd) 4 ) 3 (H 2 O) [15] . In the following, it is not differentiated between these different compounds. They are all called "Ba(thd) 2 (H 2 O) 2 ", and the product of their sublimation "Ba(thd) 2 ". All of these compounds are similar to each other, but have different vapor pressures. Another problem of the Ba chelate compounds (to a lesser extent, this is also true for the Sr(thd) 2 ) is the tendency to hydrolize and to oligomerize. In order to diminish the oligomerization tendency of the Ba (and also Sr) compounds the coordination sphere of the metal can be saturated by neutral ligands such as tetraglyme or phenantroline [16] . The evaporation of most thd compounds is very stable with the time. Therefore, thd compounds are very good candidates for the CVD processes of per-
ovskites, but also for other materials such as Y-stabilized heat barrier coatings [17] . An exception are the Ba and Sr compounds because of the reasons mentioned.
PRINCIPLES OF EVAPORATION SYSTEMS
The CVD process consists of different steps: the preparation unit of the reaction gas, the CVD reactor, and the exhaust unit. The first CVD equipments for the production of superconductors had-as is usual in the CVD technique-three different thermal evaporators for the three different elements Y, Ba, and Cu [18] . This method has the disadvantage that
• the evaporation temperature must be very exactly controlled for three sources, • the evaporation rate (not only the vapor pressure!) must be very exactly known, which is very difficult to meet for the Ba precursors, and which depends on impurities and on the grain size in the case of sublimation, and • the evaporation (especially sublimation) rate is not always constant with the time due to a) it depends on the decomposition and/or oligomerization phenomena and b) the surface of subliming substance diminishes during the sublimation.
These problems were the reason to develop single source systems. Hiskes et al. [19] used a mixture of powder and moved this powder through a tube to the end where the powder was flash evaporated. Samoylenko [20] used vibration equipment in order to transport the powder mixture into a heated zone where again the powder is flash evaporated. A similar equipment, but with a different powder feeder, was used in [17] .
Another class of evaporators are the single sources which use a solution of all necessary precursors in one solvent. The liquid diglyme C 6 H 14 O 3 is mostly used as solvent for the β diketonates. They can be solved in diglyme without exchange reactions between the precursors, and barium precursor could even be stabilized with diglyme [13] . This compound has a high vapor pressure that is useful for the nebulization process described below. In the opposite case, a change of concentration would occur during the nebulization by evaporation of the solvent. The typical mole fraction of each thd compound in diglyme is approximately 0.02. Two different evaporation systems are applied:
• Droplets of the precursor-containing solution are generated by ultrasonic nebulization or by use of injection valves. Then the droplets are conducted through a heated zone where the droplets evaporate. Different classes of deposition processes can be carried out with these droplets as is shown in Fig. 1 [9] . In the first mode, the droplets impinge onto the heated surface and form the layer. In the second mode, only the solution evaporates. In the third mode, the "CVD mode", the total droplet evaporates, and a reaction gas containing only molecules (and no particles) is formed, reactions occur only at the surface. In the fourth mode, the droplets evaporate also completely, but also homogeneous reactions occur in the gas phase. The advantage of this method is the very high flexibility of the process. The transport of the precursor until very near to the deposition surface (mode 1 in Fig. 1 ) in the droplet can also be useful for conditions where the precursor must be protected against the gas which occurs (e.g., in the flame CVD [21] ) where the precursor would burn in the flame. • A tape is wetted with the solution and dried either separately from the CVD process or in a procedure that is integrated with the CVD setup. The tape can also be wetted by the sequence of separated spots with different precursor combinations, and then multilayer coatings can be produced by pulse evaporation of the precursor microportions [22] . The band can be transported either continuous or discontinuous. An example for the last method is the tape reactor shown schematically in Fig. 2 . In this evaporator a fiber band loop is continuously fed by the precursor solution. The condensate on the tape is then transported through a zone which is heated to the evaporation temperature T e of the solvent, in the case of diglyme T e = 60 °C, and then into a hot zone where the precursor is evaporated. The gas containing the solvent molecules are separated, and the gas containing the precursor molecules is conducted into the reactor.
Which of these methods have to be used depends on the deposition kinetics of the process. The disadvantage of the first class can be the large quantity of solvent in the gas phase. This can decrease the oxidation potential in the gas and support carbonate formation. In the following, this problem is discussed for the example of YBaCuO deposition.
THERMODYNAMIC CONSIDERATIONS
At HTCVD it can often be assumed that at the surface thermodynamic equilibrium is reached. For this case, the influence of the solvent on the CVD process is discussed for the example of the superconductor deposition.
The reaction gas for YBaCuO deposition contains O 2 , Ar, or N 2 the solvent molecules, and the M(thd) x molecules. The main inlet parameters are total pressure p tot , temperature T, and mole fractions x( ) of the following compounds in argon: x(O 2 ), x(Y(thd) 3 ), x(Ba(thd) 2 ), x(Cu(thd) 2 ), and x(diglyme).
The main limitation of YBaCuO crystallization in aerosol process arises from solvent burning [23] . There is a competition between crystallization of the YBaCuO and formation of BaCO 3 : Respectively, the partial pressure of CO 2 in the gas phase is the main limiting factor for the crystallization of YBaCuO. CO 2 in the CVD reactor originates from the oxidation of diglyme because always x(precursor) << x(diglyme). The total oxidation of diglyme is described by the equation
Thermodynamic calculations based on the full oxidation scheme were reported [24] . This implies the limitation
With the molar fraction of the thd compounds in diglyme ~0.02, this means that the maximum precursor concentration is app. 0.002 what would limit the deposition rate. But the assumption of the complete oxidation is rather questionable.
The incomplete oxidation of diglyme was found experimentally by mass-spectrometric probe directly in the HTCVD reactors [25] . The advancement of the oxidation and resulting concentration of CO 2 was found to be highly dependent on the vapor residence time at the high temperature in the reactor. Application of the cold-wall CVD reactors with inductive heating of the substrate practically removes the problem of CO 2 . Not only YBaCuO, but also essentially less-stable BaO can be obtained without admixture of BaCO 3 .
On the other hand, in the hot-wall reactor, depending on the reactor design and process conditions, the diglyme vapor residence in the hot zone can be high enough to increase the CO 2 concentration, which makes YBaCuO unstable. Figure 3 shows the assignment of the partial pressures of O 2 and CO 2 measured in a CVD stagnation flow reactor to the Y-Ba-Cu-O-CO 2 phase diagram. The deposition experiments were carried out in cold-and hot-wall reactors (cold wall: the cross in Fig. 3 ). The YbaCuO phase area is limited by the bold lines and on the right side by the lines with the CO 2 partial pressure as parameter (measured in atm). The CO 2 partial pressure expected from the diglyme flow would be much higher in the thermodynamic equilibrium than in the experimental equipments.
The possibility of substitution of copper by CO 3 -2 in the high T c cuprates during MOCVD was demonstrated recently [26] . The substitution can deteriorate the superconducting properties at the lower P CO2 then necessary for the decomposition of YBaCuO.
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High-temperature chemical vapor deposition 2171 Fig. 3 Deposition temperature 800 °C, total pressure 10 mbar, oxygen partial pressure 2.7 -15 mbar (detailed conditions [25] ).
According to the thermodynamic calculations, some highly stable perovskites like BaTiO 3 would form even at the high partial pressure CO 2 pressure under MOCVD conditions, but an experimental test for this is lacking.
Size scaling of the HTCVD reactors for the industrial applications would increase the vapor residence time in the hot zone, resulting in the deeper oxidation of solvent and production of higher CO 2 concentration. So, for such purposes a separation of the solvent from the reaction gas can be recommended. For industrial applications this is an important condition, therefore the band evaporator is preferable.
Another thermodynamic respect comes from the account of surface energy contribution, which should not be neglected for the thin films. Recently [27, 28] , it was shown that surface and interface energies can change the equilibrium phases in thin films. The formation of phases is preferred, which can form coherent interface with the substrate and/or YBaCuO matrix. In particular, in the case of the YBa 2 Cu 3 O 7-δ deposition, Y 2 O 3 forms as secondary phase instead of Y 2 BaCuO 5 which is thermodynamically stable and coexists with YBa 2 Cu 3 O 7-δ in the bulk state. Similarly in Ba-enriched YBaCuO films the formation of BaCu 3 O 4 was observed, which does not appear on the equilibrium phase diagram of the bulk state.
KINETICS OF THE CVD FROM THD COMPOUNDS IN A MICROBALANCE
The temperature behavior of the deposition rate is shown for a stagnation geometry, whereby the band evaporator was used as a gasification system. The curves show the typical behavior of a CVD process: At high temperature a small temperature dependence (diffusion-controlled process) and at low temperature an almost linear dependence, which is a hint of an activated process. The deposition rate in the diffusion-controlled range can be estimated in the stagnation point by the formula [29] . whereby α is an empirical constant in the range of α = 1 (we take α =1!), D is the diffusion coefficient, estimated with the methods given in [30] , d is the nozzle diameter, Sc the Schmidt number Sc = η/ρD (η = dynamic viscosity, ρ = mass density) and Re the Reynolds number Re = ρvd/η (v = entrance gas velocity). According to this formula the deposition process is proportional to the mol fraction of the precursor and proportional to the root of the gas velocity. More exactly and in addition on every pointnot only at the stagnation point-the deposition rates were calculated with the code Fluent [31] . The results calculated and plotted in Fig. 4 [32] show quite a good accordance with the measured values. This shows that in this geometry are very few side reactions which would decrease the deposition. The thermodiffusion was included in these calculations, but the effect was not large (<20%).
SPECIAL REACTORS AND APPLICATIONS Experiments in the stagnation flow reactor
As mentioned, with the help of band flash evaporator it is possible to deposit multilayer structures supplying different precursors from the band. For instance, the following epitaxial heterostructures According to XRD bottom and top layers were (001) oriented and the ferroelectric layer consisted of a-and c-oriented domains as it can be seen from the HREM image of the cross-sectioned heterostructure La 0.5 Sr 0.5 CoO 3 /PbTiO 3 / La 0.5 Sr 0. 5CoO 3 . At some parts of these structures cracks crossing all three layers were revealed by HREEM. Possible reason of the crack formation are mechanical strains appearing owing to the ferroelectric phase transition in the intermediate layer. In spite of extremely high surface smoothness of bottom electrode layers (doped La cobaltate, La nickelate or their solid solutions) the resulting heterostructure has much rougher surface. This can be a result of kinetic hinderance in CVD of ferroelectric layer.
The structure can probably be improved by simultaneous irradiation of photons. In the case of PbTiO 3 deposition the crystallinity and the nucleation behavior of the grown layer can be changed [35] [36] [37] [38] .
Deposition of superconductors on tapes
For industrial applications tapes have to be coated. The construction of the equipment had to take into account the following boundary conditions: It must be mainly a cold-wall reactor, which means the reaction gas must not a have contact to hot surfaces before the deposition and there must be a small residence time in the hot zone in order to diminish the number of side reactions. On the other side, the substrate changes the emission coefficient during the deposition. Therefore, it is difficult to stabilize the temperature by radiation heating in a cold-wall reactor. The compromise between these both demands is a hot furnace. The main element is the hot reactor tube with a length of 5 cm and an internal diameter of 4 cm, which is heated by resistance heating. The reactor is closed on all sides to establish an equilibrium temperature. Only small holes and slits are in the cylinder for the gas flow and the tape trans-port. Through the hole at the top and at the basis the reaction gas is conducted to the substrate tape (e.g., ZrO 2 ) which is transported through slits at the side of the reactor. On the tapes, also, single samples can be deposited. The gas flow through the reactor is thus adjusted, then the contact of the reaction gas with the walls before the deposition process is minimized. These results were supported by simulations with the code FLUENT. Small tape velocities of 3-20 cm/h are reached until now in order to deposit on the tapes. For increasing the deposition velocities different reactors in series have to be used [39] .
PERSPECTIVES
The CVD process from chelates has a number of other applications. One example should be mentioned here. Thermal protection systems can contribute significantly in the reduction of NOx emission in the combustion systems of aircraft engines and stationary gas turbines. There are in development fiber-reinforced composites and heat barrier coatings. In both ceramic layers are demanded: The fibers have to be coated with ZrO 2 [17] , and the turbine turbine blades have to be coated with Y-stabilized ZrO 2 . This is done today with electron beam evaporation or plasma spraying. But it might be that in the future HTCVD coating will have to be used. The CVD process is principally simpler at good quality and because it is a no line of sight process it is easier to coat complicated forms like turbine blades [40] . As precursors, Y(thd) 3 and Zr(thd) 4 can be used
